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Introduction
Although tropical cyclone (TC) activity levels have traditionally been viewed as a passive response to climate conditions, recent work has suggested that the relationship is more bidirectional than formerly thought, with the poleward transport of tropical heat provided by TCs providing an important climatic feedback mechanism (Elsner, 2007) . This new view of TCs as an active driver in climate change increases the importance of determining TC activity levels over the mid to late Holocene. Naturally, the instrumental record is far too short to be useful over these time spans. Even for the North Atlantic, the basin with the most extensive records, NOAA's HURDAT 'best track' data set extends only to 1851 (Landsea et al., 2004) . Although historical documents can extend local records of extreme events back to the colonization by European powers in some locations (e.g. Chenoweth, 2006 Chenoweth, , 2007 Garcia-Herrera et al., 2007; Mock, 2004 Mock, , 2008 , the accuracy and completeness decreases dramatically over time. Although the modern record is capable of capturing the variability associated with such relatively short-term phenomena as the El Niño-Southern Oscillation cycle and the Atlantic Multidecadal Oscillation, it can provide very little information over lower-frequency oscillations. To date such information has mainly been generated through sedimentary paleotempestology studies, which develop long-term hurricane strike records from the identification and counting of hurricane-generated overwash sand layers in sediment cores extracted from coastal wetlands (e.g. Donnelly and Woodruff, 2007; Donnelly et al., 2001a Donnelly et al., , b, 2004 Kiage et al., 2011; Lane et al., 2011; Liu, 2004; Fearn, 1993, 2000; McCloskey and Keller, 2009; Scileppi and Donnelly, 2007; Scott et al., 2003) .
With perhaps a few exceptions (Wallace and Anderson, 2010), these proxy records indicate that the level of hurricane activity has not remained static across the North Atlantic over the late Holocene, but rather has been characterized by multicentennial to millennial periods of greatly increased activity, separated by quieter periods. Temporal correlations between active periods and known climatic conditions therefore present a method of clarifying the long-term relationship between TCs and the North Atlantic circulation system, and potentially identifying the atmospheric forcing mechanisms driving increased TC activity. Owing to the low number and restricted geographic coverage of paleotempestological study sites no consensus has been reached concerning the identity of the forcing mechanisms. Some work suggests that activity regimes are synchronous across the entire North Atlantic, with active/quiet periods occurring simultaneously throughout the basin, controlled by such features as tropical Atlantic sea surface temperatures (Mann et al., 2009) , the frequency of ENSO events, and effects of the West African monsoon (Donnelly and Woodruff, 2007 ). An alternative view holds that the activity pattern is time-transgressive, with a band of maximum TC activity migrating across the basin, driven by latitudinal movement of the general circulation system, principally the 460782H OL23210.1177/0959683612 460782The HoloceneMcCloskey and Liu 2012 Louisiana State University, USA intertropical convergence zone (ITCZ) and the Bermuda High (Liu, 2004; Liu and Fearn, 2000; McCloskey and Knowles, 2009) .
Compounding the uncertainties are the generally low sensitivities of the study sites. Comparisons between overwash layers deposited by modern TCs and the preserved overwash layers associated with prehistoric storms indicate that most sites are only recording TCs that make landfall in the immediate vicinity at major hurricane strength (category 3) or above (Donnelly and Webb, 2004; Elsner et al., 2008; Liu, 2004; Liu et al., 2008; McCloskey and Keller, 2009 ). This is supported by an advective/ settling model that uses the grain size and transport distance of overwash material to calculate the water depth at the barrier at time of deposition (Woodruff et al., 2008) . Therefore the oscillation between activity levels exhibited by most published records may only apply to major hurricanes and not to TCs in general. In fact, studies from more sensitive sites in southwest New England (Boldt et al., 2010) and northwest Florida (Lane et al., 2011) suggest that long-term frequency variability in TCs is restricted to major hurricanes, with overall activity levels remaining relatively constant.
Here we present a composite sedimentary proxy record from two coastal sites in Belize, Central America that records both TCgenerated storm surges originating from the sea and extreme flood events originating from the landward side. Unlike most proxy records in previous paleotempestology studies which are sensitive to only wind-generated overwash processes, this composite record also contains a history of extreme flood events that can be taken as a proxy for the climate conditions favoring TC activity in the study region This record's dual sensitivity to both wind and rain allows it to record smaller/more distant events, helping to eliminate the bias in favor of major events and thereby provide new perspectives on the Holocene activity level and patterns of TCs in the Caribbean region.
Study sites
The southern half of Belize is dominated by the Maya Mountains, to the east of which lies a wide (10-30 km) coastal plain. Our study sites (16.9°N, 88.3°W) are on the seaward edge of this plain along the inner curve of a cuspate bay in a large wetland that extends >10 km southward from the small Stann Creek delta to the natural levees of Sittee River (Figure 1a, b) . The watershed is limited to the lower foothills as landward branches of the Sittee River capture the flow from higher elevations. Rainfall is seasonal, with the rainy season occurring from June to January. Annual precipitation can exceed 4000 mm in the Maya Mountains (Gischler and Oschmann, 2005; Purdy, 1974) .
Commerce Bight Lagoon. Commerce Bight Lagoon (CBL) is a shallow (<2 m) body of water separated from the Caribbean Sea by a low (<1.5 m) sand barrier ~150 m wide. Water salinity was 21.5 ppt when we visited in the third week in June 2004, after the start of the rainy season, but before much heavy rain had fallen. CBL is connected with the sea through a twisting, narrow (3-5 m wide) creek, ~2.5 km in length ( Figure 1c ).
Hopkins Swamp. Hopkins is a linear village, 3-4 streets wide (Bass, 1999) , situated on top of a relatively high (~3 m) sand ridge between the sea and the wetlands (Figure 1d ). Offshore bathymetry is rather steep, with the 10 foot (~3 m) contour occurring within ~ 100 m from the shore. Inland from the village the elevation drops at ~200 m into a coast-parallel depression ~70 m wide covered by a palmetto swamp (red polygon, Figure 1d ). West of this the land rises slightly before dropping into a brackish to fresh marsh (shaded yellow area, Figure 1d ) that extends roughly 2 km to the west (Figure 1b) . Seven cores (CB1-7) were extracted from the eastern edge of CBL and a single core (HPN) was extracted from the palmetto swamp directly west of Hopkins village ~ 4 km to the south (Figure 1 ).
Methods
A 2 inch diameter modified Livingstone piston corer was used to extract all cores in the CB transect, while HPN was cored by means of a Russian peat borer. In both cases coring proceeded until refusal through a sequence of overlapping core sections in slightly offset holes. Core locations were registered on a handheld GPS unit.
Cores were transported to the Global Change and Coastal Paleoecology Laboratory at Louisiana State University, where they were stored in a cold room. When opened the cores were photographed, visually inspected, and described. Loss-on-ignition (LOI) analysis was performed on all cores following the standard procedures outlined by Dean (1974) to determine water, organic, and carbonate contents. All cores from the CB transect were run through a Geotek MultiSensor Core Logger to determine gamma density at 0.5 cm intervals (Evans, 1965) . Material taken from the core shoes (i.e. not contained within the tubes) could not be subjected to this analysis, resulting in small gaps in the gamma density curves. Grain size analysis was performed on 13 samples by shaking samples through a set of nine stacked sieves at 0.5 Φ intervals ranging from −0.5 to 4.5 Φ to determine grain size characteristics. Nine samples are from sand intervals (three each from cores CB3, 4, 5) and four are surface samples; three from the barrier, and one from 25 m offshore. Elemental concentrations of 53 intervals representing all lithologic types, were determined by a Delta Premium DP-4000 x-ray fluorescence (XRF) analyzer.
Samples of terrestrial plant material were picked from the cores and sent to the NOSAMS Laboratory at Woods Hole Oceanographic Institution and Beta Analytic Inc. in Miami, Florida for radiocarbon dating. Radiocarbon dates were calibrated to calendar years using Calib 6.0 (http://calib.qub.ac.uk/calib/calib.html) and the Reimer et al. (2009) data set. A straight line regression was used to determine the age-depth model, based on a single calibrated calendar date for each sample. The midpoint of the date range was used for samples with a single (2 sigma) date range. For samples that were calibrated to two or more date ranges, the date was calculated by summing the quotients of the midpoint of all 2 sigma date ranges, weighted by their probability.
Results

CB transect
The seven-core CB transect spans a distance of 131 m, extracted from water depths of 50-100 cm (Figure 2b ). Core length was significantly greater at the transect ends; CB1, 2, 7 are between 172 and 312 cm in length, while CB2, 3, 4, 5, 6 penetrated only to 61-75 cm. All cores ended in either sand and/or pebbles, indicating that the pre-lagoon basal sediment was reached. Core depths suggest that the CB lagoon is located over uneven antecedent topography, the most likely cause being a pre-existing dune and swale system (Figure 2b ). Lagoon surface is at or near mean sea level.
The longer cores situated closer to the transect ends (CB1, 2, 6, 7) are mainly peat/peaty mud, while the shorter middle cores (CB3, 4, 5) are less organic, with composition transitioning downcore from peaty mud to clay to sand. All cores are capped by a brown clay layer that thins landward along the transect (10 cm in CB1, thinning to 6 cm in CB4 and 1 cm in CB7) (Figure 3 ). The material in this thick clay layer is distinctly different from all other material in this transect, especially the peat. Compositionally, it contains high concentrations of terrestrial metals such as Fe, Ti, Cr, Mn, Zn and V and relatively low concentrations of such marine indicators as S, Cl and Br. The elemental profile of the peat intervals is the reverse, with concentration of the terrestrial metals mostly at or below the level of detection, and elevated levels of S, Cl and Br. Visually, the orange-brown material comprising the top clay layer differs markedly in both color and texture from the underlying brown peat. The bottom contact is abrupt, marked by a thin layer of coarse sand and marine macrofossils, most notably a large shell in CB2 (Figure 3) . Although the shell's deteriorated condition makes the identification uncertain, it has been tentatively identified as Lucina pensylvanica, a common shallow water marine bivalve species in Belize (Purdy et al., 1975) .
Relatively thin clastic layers are found in all cores; this material is generally clay in the longer cores at the transect ends, and silt/sand in the middle cores. These layers are visually obvious and can be readily identified on the lithologs and LOI and gamma density graphs. An example is core CB7 (Figure 4 ), which apart from the anomalous top layer and the basal sand, consists of either a dark peaty mud unit interrupted by thin clastic layers or thick unlaminated gray clay (Figure 4b ). The peaty mud sections, each containing thin interbedded clastic layers, occur at 5-48, 99-165, 194-221, and 269-298 cm. The thick unlaminated clay sections occur at 49-98, 166-193, and 222-268 cm. Within the peaty mud sections, the thin clastic layers are present as light-colored horizontal bands (Figure 4d ), marked by an increase in grain size (Figure 4c) and decreases in the water and organic content (Figure 4a ). The section from 103-120 cm (red box, Figure 4 ), for example, displays the correspondence between the clastic layers, color/ composition, and abrupt increases in grain size. The unlaminated clay sections (as exemplified by the blue box, Figure 4 ) are much more homogeneous, both visually ( Figure 4e ) and in regards to grain size (Figure 4c ), typically displaying a rather massive structure, with grain size either remaining stable or displaying a gradual fining upward. The elemental profiles for both the thin clastic and thicker clay types are generally intermediate between the capping clay layer and the peat. The thin clastic layers can be distinguished from the thick clay intervals by having higher levels of Fe, Pb, Zr, Co, and Zn. They also contain much higher levels of mica.
Core CB1 is more organic than CB7, having higher water and organic percentages. As in CB7, the peaty sections are repeatedly interrupted by irregularly spaced clastic layers, identifiable visually, lithologically, texturally ( Figure 5 ), and geochemically. Core CB2 resembles the top 100 cm of CB7, as below the anomalous capping layer (Figure 3 ) one encounters first a peaty section interbedded with thin clastic layers (17-105 cm), then a featureless clay (106-166 cm) extending to the basal sand ( Figure 5 ), with the elemental signatures for the different sediment types generally paralleling those in CB7.
CB3, 4, 5, 6 can be considered as a unit as they are all of the same approximate length, are located within a 75 m span, and exhibit very similar sedimentary patterns. The general grain size in all four cores is much larger than in the longer end cores (CB1, 2, 7). These middle cores contain a significant amount of sand, from fine to coarse, both in distinct layers and more generally profiles of sand samples collected from the near shore, beach, and barrier are similar. Elemental profiles differ dramatically across sediment types. The capping clay layer exhibits high concentrations of terrestrial elements such as Fe and Ti (Haug et al., 2001) , and low concentrations of elements associated with seawater (S, Cl, Br), while the peat intervals exhibit the reverse pattern. Other sediment types show intermediate values for both the terrestrial and marine indicators.
Transect chronology is based on 14 C dates obtained from plant material sampled from cores CB1 and CB7 (Table 1) . CB1 samples from 15, 53, and 203 cm were dated to 2030±50, 2730±30 and 4160±40 14 C yr BP, respectively, producing the calendar year age-depth equation y = 13.84x + 1936. Samples taken from CB7 at 6, 121, and 290 cm returned dates of 3260±30, 4550±20 and 5880±25 14 C yr BP, respectively (Table 1; Figures 4, 5), producing the calendar year age-depth equation y = 11.11x + 3598. In both cores the topmost samples were taken directly below the anomalous capping clay layer. For both cores the age-depth models display a very good linear fit ( Figure 5) , with similar sedimentation rates (0.07 cm/yr for CB1 and 0.09 cm/yr for CB7). However, they produce surprisingly large intercept dates (age at core top); namely 1936 BP for CB1 and 3598 BP for CB7. This is discussed below.
HPN
Core HPN was extracted from a palmetto swamp 230 m from the sea. Although the site is seasonally flooded, there was no standing water during our extraction in June. Core HPN is 359 cm long, consisting of seven peat borer sections. The core divides neatly into two sedimentary types; the top 2.5 m consists of muddy peat while the bottom 1.1 m is gray clay (Figure 6 ). Both sections are intercalated with clastic layers (Figure 6 ), composed of light-colored clay, at times containing silt and/or sand. An example is shown in Figure 6c . The top peat section contains seven clearly distinguishable clastic layers centered at 49, 55, 66, 125, 195, 210 , and 245 cm depth, while the clayey bottom section has six sandy/silty layers of lighter colored material centered at 258, 272, 280, 305, 325, 335 cm. Two other prominent dips in the LOI curve occur at 36 and 80 cm depth (arrows, Figure 6 ), but display neither sand-sized clastic material nor visible compositional changes.
Core chronology was based on radiocarbon dates from three samples. Plant samples obtained at depths of 31, 117, and 241 cm returned dates of 90±15, 1090±40 and 1870±40 14 C yr BP, respectively, producing the calendar year age-depth equation y = 7.87x − 36 ( Figure 6 ). The calibrated calendar date ranges are shown in Table  1 . The three dates fall close to the calculated trendline, which yields a sedimentation rate of 0.13 cm/yr and an intercept date of −36 BP.
Discussion
CB environmental history
The top material in all seven cores in this transect is a light-colored, laminated clay (Figure 3) , with elemental profiles indicating significant input from inland areas. This suggests that this material represents the current conditions; i.e. a backbarrier lake with direct fluvial connections with upland areas. The dark peat sections in CB1, 2, 6, 7 are interpreted as representing an organicrich wetland, with the concentration of seawater elements suggesting brackish conditions. The thick gray clay sections lower down in CB2 and CB7, lacking in situ plant roots and low organic content, probably were deposited during periods of deeper water. The low levels of terrestrial metals and relatively high concentrations of Br during these periods suggest that there was little hydrologic connection with the inland areas, possibly indicating their condition as confined water bodies within isolated swales. The material in CB3, 4, 5, being larger-grained and more clastic, suggests a drier location on top of a relict dune, gradually evolving into a wetland with rising sea level. 
CB: An extreme erosional event post ~2000 yr BP
The large intercept values for CB1 and CB7 suggest that deposition stopped > 2000 years ago at CB1 and >3600 years ago at CB7. This seems unlikely given the present depositional environment and the >1600 years difference between sites located <150 m apart. One possible explanation is that marine water and/or limestone in the catchment basin has produced a 'reservoir effect' resulting in excessively old dates. Because the dated material consisted of remains from terrestrial plants, which drew their carbon from the atmospheric, not the marine reservoir, this is not likely. Also, it does not explain the ~1600 year difference between the sites. Another possibility is that these dates result from having sampled older, reworked material. It seems unlikely, however that both dates, if false, would result in sedimentation rates nearly identical to those lower in the cores. If it is assumed that no erosion occurred, and that deposition proceeded continuously with the core tops corresponding to the present, then the calculated sedimentation rate between the top and middle dates on CB1 and CB7 drop to 19% and 21% of the calculated rates between the middle and bottom dates. The transition from a brackish wetland into a fluvially connected backbarrier lake that deposited the uppermost brown clay layer along the top of the transect offers an intriguing possibility. Flooding associated with sea level rise cannot explain this transition. The sand and shell layer marking the transition is at ~ 60 cm (CB1) to ~ 105 cm (CB7) below current sea level, which was the approximate sea level depth at ~1000 (Toscano and Macintyre, 2003) to 4000 yr BP (Gischler and Hudson, 2004) . Since sea level began to slow ~ 5000 yr BP, there is no reason to believe that marsh accretion would have been unable to keep up at the time that this lake formed. At the transition the underlying peat is abruptly terminated, replaced by a layer of sand suggesting a high-energy event. Such an event could have eroded the existing marsh surface unevenly, removing the sediments down to the ~2000 yr BP level at CB1 and the ~3600 yr BP level at CB7. The depression would then have filled with water, forming the present backbarrier lake.
There are some clues as to the nature of this event. As the transition layer contains sand and marine macrofossils, including a large shell, indicating a seaward point of origin for this large event, the most likely candidate is an intense hurricane. Such storms have been shown to have eroded >1500 years of sediments in both Belize (McCloskey and Keller, 2009 ) and San Andreas Island off the coast of Nicaragua (González et al., 2010) .
The environmental change resulting from this large, erosive event would have dramatically altered the depositional pattern. While the area existed as shallow wetlands and/or isolated swale ponds situated behind an intact beach berm, normal deposition would have consisted of organic material (peat) in the wetlands and the massive, marine-influenced clay in the swale ponds. Vegetation and topographical factors would have restricted the direct transport of upland material to these locations, with the transport of such materials probably limited to the largest flooding events. With the transition to a backbarrier lake, in situ production of organic matter would have ceased and the deeper water would have blocked the inland transport of marine sediments, leaving the settling of suspended materials in the water column as the dominant depositional mode, resulting in a depositional shift to smallgrained inorganic material. That much of this suspended material would have been delivered from the waterways draining the lower upland areas to the west might account for the dramatic increase in the concentrations of terrestrial elements occurring in this layer.
Clay layers in several Central American lakes have been interpreted as resulting from deforestation and agricultural activity. In Lake Salpeten, Guatemala nearly 7 m of 'Maya clay' were deposited during the period of maximum disturbance associated with the ancient Maya (Leyden, 1987) . This does not seem to be the case in CBL. Even if extensive ancient Maya agricultural activity had occurred in the immediate area (none recorded) its effects would not have extended to the core tops. Modern agriculture can also be excluded, as until very recently (< 30 years ago), only subsistence agriculture was practiced, with the closest arable land located a good distance inland (Moberg, 1992) . The clay layer at the top of the CB transect most likely reflects the change in depositional environment and not a massive influx of clay driven by human activity.
As a result of erosion, the dating of this event is uncertain, but it must have occurred more recently than ~2000 yr BP, the age of the youngest underlying sediments.
CB clastic layers as event-generated
Clastic intervals in the CB transect occur in two easily distinguishable general types. We interpret the first, a massive gray clay with relatively uniform composition, color, and grain size, as resulting from relatively stable environmental conditions during periods of increased water depth, possibly as confined swale ponds. We interpret the second, the thin, light-colored bands with abrupt bottom contacts containing larger grained material, and generally higher levels of Fe, Ti, and Zn, as event-generated. These intervals are marked by shaded boxes in Figures 5, 8 .
Sedimentary evidence can provide insights into the possible nature of the generating events. Sand intervals in the middle cores (CB3, 4, 5) display a consistent spatial pattern. Based on the stratigraphic correlation, layer thickness, composition, and color, four event layers can be recognized across these three cores. These layers fine landward; an example being the decrease in modal grain size for the bottom two sand layers (red and blue boxes, Figure 7e ) moving inland from CB3 to CB4 to CB5 (Figure 7a,b,c) . They also fine upward as demonstrated by the vertical decreases in both the percentage of very coarse sand and the modal size of sand in the bottom layer for all three cores (Figure 7b,c) . The landward fining suggests a seaward sand source, while the upward fining suggests high-energy events. The grain-size profile of this material closely matches that of the current beach and barrier sand, which is much larger than that from a sample collected 25 m offshore (Figure 7d ), suggesting that the sand sources are located onshore. Owing to the general lack of sand in CB1, 2, the two most seaward cores, the most likely source of sand in the middle cores is the relict dune. Presumably, before the formation of the lake some sections of this dune were subaerial seaward of core CB3, providing the sand found in CB3, 4, 5. Given the match in particle size profiles, the landward fining and the low hydrologic gradient across the extensive wetlands to the west, direct fluvial delivery of very coarse sand from the land side of CBL is highly unlikely.
However, some of the material in the cores below the lake stage must have originated in upland areas, as the thin clastic layers are characterized by elemental profiles intermediate between the terrestrial and marine end members. It seems probable that this material was transported during large precipitation events which would have flooded the wetlands and generated strong currents. This is supported by the large amounts of mica found in these layers, which, because of its flaky form, is easily transported by water. A study from coastal Louisiana suggests that the freshwater pulses associated with hurricane-generated inland precipitation may significantly influence the composition and structure of hurricane deposits (Liu et al., 2011) . Blocked by beach ridges to the east and the natural levees to the north and south, (Figure 1 ) the wetlands are prone to flooding, being inundated on an annual basis, and were impassable during the wet season until the construction of a raised road in 1971 (Bass, 1999; Moberg, 1992) .
For CB1, which is otherwise a highly organic dark peat, with water and organic content at ~ 80% and 60%, respectively, there is no obvious alternative explanation for the presence of these thin clay layers. Because of the abruptness of their contacts, the increase in mineral content, and timescales involved, it seems unlikely that these thin intervals represent periods of significant increase in water depth. The same arguments apply to CB7, where, as discussed above, the differences between these thin clastic layers and the thick clay sections associated with deeper water depth are striking.
Concentrations of the seawater elements for these event layers are often higher than for the lakebed samples, indicating that marine material (water and/or sediments) are also contributing to these layers. The intermediate level of both marine and terrestrial indicators suggests that event deposition might be bimodal, with storm surges transporting material landward and large flooding events, including those related to TCs, moving clay-size material seaward. Storm signatures could vary by event, with layers associated with stronger storm surges having a more marine signature, and precipitation-dominated events having a more terrestrial signature. There is no obvious temporal pattern associated with the relative flooding/storm surge signatures.
Local geography may be a contributing factor. The coastline bulges > 6 km to the east directly north of our sites (Figure 1) , providing protection from the powerful right front quadrant of TCs passing either to the north or on a south-to-north offshore trajectory, which constitute the majority of the historical hurricanes. This would reduce the impact of storm surge from such storms. Conversely, the effects of a TC making direct landfall on an east-to-west trajectory would probably be amplified by the funneling resulting from the closed, cuspate shape of the immediate coast, providing a mechanism for the occurrence of highly erosive events. TC-generated precipitation levels could be highly variable depending upon track trajectory and the consequent orographic effect.
HPN: Dramatic environmental change at ~ 1900 yr BP
Like the CB transect, this core records a dramatic change in the depositional regime. The muddy peat which dominates the top abruptly changes at ~ 2.5 m to a featureless gray clay interbedded by light-colored silty clay layers comprising the bottom 1.1 m (Figure 6 ). The top peat section consists of fairly homogenous, densely packed organic material, including leaves, roots and stems, of various sizes. Organic values are typically >80%. This material probably results from an organic-rich wetland, much like the present. In the bottom clay section organic material, which averages 14%, mainly consists of small, unconnected plant fragments; visual evidence suggest that these are not the remains of in situ plants, but rather water-borne plant debris. We interpret this organic-poor section as representing an open-water environment of sufficient depth to prevent marsh growth.
Topographic considerations can probably explain this sudden transition from deep water to shallow wetlands. HPN is located in a narrow (~70 m wide) palmetto swamp (Figure 1d ) lying in a shallow, coast-parallel depression, ~ 2 m above sea level. As can be seen, the swamp is closed off by higher ground on the east, south and west and connects to the much larger inland marsh by a narrow opening at the northern end. Subsurface topography was determined for >200 m inland from HPN by means of a peat borer pushed to refusal. This probing indicated a relict dune and swale system, similar to that found under the CB transect, underlying the site (Figure 2d ). HPN is located above a buried swale, the bottom of which lay roughly 1.5-2.0 m below the contemporary dune tops at the time deposition began. Modern topography is similar, although the topographic difference has now decreased to < 1 m.
It seems likely that during the early period the swale was a small, water-filled basin, blocked from draining into the lower land to the west (the present-day marsh) by a sill at the northern end, with deposition consisting mainly of inorganic slope wash and small biological debris. Because the distance to the ocean (~230 m) makes direct overwash deposits unlikely, the probable result of TCs or extreme precipitation events during the beginning of the depositional period would be an increase in slope wash, marked by an increase in grain size. Although the change from a deep, water-filled depression to a shallow wetland can possibly be explained by the slowly rising basin floor reducing water depth enough to permit plant growth, the abruptness of the transition is better explained by the sudden initiation of drainage to the north. A likely scenario would be a high-energy event powerful enough to breach or remove the sill blocking the northern end of the basin. The clastic layer at 245 cm (Figure 6c) is the most dramatic in the core, producing a clear white silt layer in which organic percentages drop from >80% to <6% within 2 cm. As a sample 4 cm above the event layer has been dated to 1870±40 14 C yr BP (1712-1890 cal. yr BP), it is possible that this is the same large event inferred to have converted CB from a wetland to a lake, although, as mentioned above, due to the erosion of the underlying material, we can only say that it occurred after ~2000 yr BP.
The changed environment would have altered the depositional response to extreme events. Thick vegetation would hinder slope wash and the transport of coarser material, while the removal/ overtopping of the blocking sill would have likely resulted in increased influence from the extensive marsh at the back during heavy flooding, thereby increasing the deposition of finer suspended material. Both processes would tend to reduce the grain size of event-generated clastic layers. Because this location started as a depression, preferential deposition appears to have reduced the topographic gradient from ~2 m at the initiation of deposition to < 1 m currently. This would have reduced site sensitivity over time, as it became increasingly difficult to move clastic material across the flatter gradient.
Historical hurricanes
It is not certain what percentage of recent hurricanes is represented in the HPN record. A total of 23 hurricanes, including eight major (category 3 or greater) hurricanes, have passed within 100 nautical miles of our coring sites since 1864 (http://www.nhc. noaa.gov/pastall.shtml#hurdat). However, no clearly identified event layer is found above the sample dated at 90±15 14 C BP from 31 cm in HPN; by comparison, five prominent dips (centered at 36, 49, 56, 69 and 80 cm) in the LOI curve appear immediately below. As this date (90±15 14 C yr BP) calibrates to four calendar age ranges covering the period from 32 to 256 BP (Table 1) , it provides little information as to the precise age of the most recent recognizable event layer. This potential lack of sedimentary signatures is possibly due to reduced recording sensitivity. Prominent dips at 36 and 80 cm (Figure 6 ), though clearly representing an influx of inorganic material, are not recognizable either visually or by increased grain size. This supports the view that, owing to the reduced gradient and thicker vegetation, larger material is no longer being transported to the site.
Geomorphic changes and site sensitivity
It is important to determine whether environmental and/or geomorphic factors have significantly altered event sensitivity at either site. For the CB transect, recording sensitivity does appear to have decreased above the depositional change, inferred to have resulted from a large storm, occurring near the core tops.
However this material consists of only a few centimeters and, because of the reduced sensitivity, is not considered in the record. As LOI data below this transition indicate relatively stable environmental conditions for CB1, there is no reason to suspect large geomorphic or ecological changes. Although CB7 does show environmental change in the form of two clay sections, these changes are small and gradual, and do not appear to have significantly affected the event record, which correlates closely with CB1 (see below).
Sea level rise has probably not resulted in significant environmental changes at CB. The rather steep offshore bathymetry suggests limited lateral translation of the beach, as does the relatively stable vegetative environment indicated by the LOI curves. Using Toscano and Macintyre's (2003) sea-level curve to correlate depths with contemporary sea levels show both CB1 and CB7 remaining above sea level for their entirety. Though both core tops are below present sea level, the depths of their topmost sediments below the geomorphic change are above estimated sea level for their respective ages on this curve. Applying the Gischler and Hudson (2004) curve shows wetland surface levels generally at or slightly below contemporary sea level, suggesting surface accretion paralleling sea level rise and a stable environment, probably very similar to the present marsh adjacent to HPN. A surface elevation lagging slightly behind sea level would increase the erosive power of the inferred breaching event.
For HPN, it seems clear that the change occurring at ~ 2.5 m depth, when deposition changed from clay to peat, is the only major sedimentary transition. No other changes of similar magnitude occur in the core, with the upcore lithology composed of organic peat interbedded with peaty clay. Sensitivity does not seem to have been negatively affected immediately afterwards, as events are recognized both above and below the transition. This is probably due to the site's location in a topographical low which records material carried by sheet flow associated with heavy precipitation events. However, because this delivery is dependent upon surface gradient, which decreases over time, and vegetation density, which increases over time, sensitivity probably declines over the long-term. Sea level rise would have had very little effect on this site because of its relatively high elevation and distance from the shore. For both CBL and HPN, the changes in distance to the sea associated with sea level rise would not have been dramatic because of the relatively steep offshore bathymetry, particularly as sedimentation kept the relative elevation to sea level fairly constant. The stable environmental conditions at CB1 suggests that at our study site sea-level rise has probably resulted in vertical accretion, rather than lateral translation, of the beach barrier.
Links between extreme flood events and TC activity
The long-term frequency patterns of extreme precipitation events and TCs may well have a positive relationship. First, anecdotal evidence supports the notion that the largest precipitation events typically result from TCs. In 1999 the near simultaneous passage of three TCs in North Carolina brought 'unprecedented' rainfall, delivering up to 85% of the annual precipitation in some locations (Bales et al., 2000) , while a similar series of TCs produced 25% of annual precipitation for the northern coast of Honduras in 2005, resulting in severe flooding (Cochran et al., 2009 ). In the tropics individual tropical cyclones commonly produce >500 mm of rain (Riehl, 1979) , with totals of >2000 mm having been recorded (Gupta, 1988) . In Puerto Rico individual storms since 1899 have produced 5-40% of the average annual rainfall at specific locations (Scatena and Larsen, 1991) . In 1998 Hurricane Mitch resulted in record breaking precipitation in Central America. In Nicaragua, with estimated rainfall totals of >190 cm (http:// www.ncdc.noaa.gov/oa/reports/mitch/mitch.html), Mitch was the largest single precipitation event in >100 years (Unsigned, 1998) , while in Honduras the Mitch rainfall resulted in rivers throughout the country recording peak flows 'much larger' than all previous historical peaks (Mastin, 2002) . Increasing the probability that large flooding events are associated with TCs is the intensity of TC-generated precipitation (Hurricane Mitch delivered >69 cm of rainfall within a 41 hours in Nicaragua) and the occurrence during the rainy season, when the ground is already saturated (Hellin et al., 1999) .
Second, both TC and precipitation rates are driven by similar climatic conditions. For the Caribbean coast of Central America the heaviest rainfalls are generally associated with the passage of easterly tropical waves, which are also associated with ~85% of the North Atlantic hurricanes (McGregor and Nieuwolt, 1998) . Other conditions which favor both TCs and rainfall in the region are La Niña-like conditions and lowered wind shear. Both TC and general precipitation require atmospheric conditions favoring uplift, convergence and convection, and are generally inhibited by the low inversion levels and strong trade winds associated with the dry descending air from the northern arm of the Hadley circulation cell. The annual dry season (late winter through spring) in the western Caribbean results from the dominance of this air, mainly delivered through the Bermuda High, the central node of the subtropical high pressure ridge (Davis et al., 1997; Hasanean, 2004; Sahsamanoglou, 1990) . The northern movement of the Bermuda High in the boreal summer removes this inhibitive force, heralding the rainy season which advances northward behind the subtropical high pressure ridge (Hastenrath, 1966 (Hastenrath, , 1976 (Hastenrath, , 1985 . Occurrence and location of tropical cyclones follow the same spatial/temporal pattern (Neumann et al., 1999) .
Tsunamis
Tsunamis are capable of both landward and seaward transport of materials, including ocean and beach sediments, and material from inland forests (Dawson and Shi, 2000; Nanayama et al., 2000) . So, although tsunamis present an alternative source of our event layers, the probability of occurrence is low for the coast of Belize. The tectonic setting minimizes the risk of locally generated tsunamis (McCann, 2006) , while far-field tsunamis are rare both historically and in the paleorecord (Kelletat et al., 2004; O'Loughlin and Lander, 2003; Scheffers and Kelletat, 2006 , NGDC/NOAA tsunami runup data base). Given the large number of events in our record, it is doubtful that misidentified tsunami layers are of much significance.
Reconstruction of regional TC activity
If the rainfall and tropical cyclone activity patterns are indeed driven by the same set of large-scale climatic controls, then our combined overwash and flood record can serve as a 'hurricane climate' proxy, indicating periods favoring the occurrence of tropical cyclones, and not merely the occurrence of overwash events associated with major hurricanes. In similar fashion, a proxy record based on sea surface temperature and wind shear data has previously been used to identify periods associated with paleoclimatic conditions favoring TC activity (Nyberg et al., 2007) .
The temporal overlap between our two sites permits the creation of a ~7000 year regional storm record. Chronological correlation was achieved by matching measured and calculated dates across cores (Figure 8 ). The top two dated samples for CB1 overlap with the bottom of HPN, with the dated material from CB1 15 cm (~2000 BP) corresponding to a calculated age for HPN 259 cm, and the date from CB1 53 cm (~2800 BP) corresponding to the calculated age for HPN 363 cm. The measured date for CB7 6 cm correlates to the calculated age at CB1 113 cm, while the measured age from CB1 203 cm corresponds to the calculated date from 99 cm on CB7. The cores' LOI curves are staggered visually so that ages are equal horizontally across Figure 8 .
The most remarkable feature of this composite record is the clustering of the event layers (shaded rectangles, Figures 5, 8) , which permits grouping into active periods (yellow shaded rectangles, inset Figure 8 ). The temporal coincidence of active periods across the transect is remarkable, as not only do the active periods match across cores, but also only a single event layer (~1100 BP, centered at HPN 125 cm) occurs outside the designated active periods. (It should be noted that the unshaded top portions of cores CB1 and 7 represent the temporally distinct lake sediment and not inactive periods.)
Because the cores come from different depositional environments in separate systems ~ 4 km apart, it is unlikely that this pattern is an artifact of local geomorphic conditions. During the period marked by the dashed blue box (inset, Figure 8 ) both CB1 and CB7 display identical activity patterns even though LOI data indicate the occurrence of lush wetlands at CB1 and open water at CB7. This suggests that not only were the sites subject to different physical environments, but were likely in separate hydrological systems, divided by the relict dune system. Although cores CB2, 3, 4, 5, 6 are undated, event layers in these cores match the transect pattern stratigraphically ( Figure 5 ).
The activity regime record reveals a continuous alternation between active and quiescent periods (Figure 9a ). Active periods occur during ~200-600 BP, 1450-2600 BP, 3200-4200 BP, 4750-5450 BP, 5750-6050 BP, and 6700-6900 BP, separated by intervening quiescent periods. The lengths of individual active or quiescent periods vary from ~200 to 1200 years. The cumulative durations of active and quiescent period are nearly equal; ~ 3750 years for active periods and ~3350 years for quiet periods.
Is TC activity regionally synchronous across the North Atlantic basin?
The spatial/temporal pattern of the low-frequency oscillation between high and low TC activity levels in the western Atlantic is not well understood. Although temporally consistent regional patterns have been observed for both the northern Gulf coast (Liu, 2004; Liu and Fearn, 2000) (Figure 9b ) and the northeastern Caribbean and the Atlantic coast of the USA (Donnelly and Woodruff, 2007; Mann et al., 2009; Scileppi and Donnelly, 2007) (Figure 9c ), the timing differs for these regions. So little paleotempestological work has been done in the western Caribbean that it is unclear whether a regionally coherent pattern exists there as well, and if so, its correlation with the other regional records. For Belize, a 1500-year offshore hurricane record shows increased activity at 400-550 BP, 650-750 BP, 950 BP, and 1100-1300 BP (Gischler et al., 2008) and reduced activity during the last 450 years. An incomplete mainland landfall record shows two active periods between 5500 and 2500 BP (McCloskey and Keller, 2009) . There are similarities between these records and the one presented here, but the correspondence is fairly loose, perhaps because of the differences in temporal resolution and proxy types.
The activity pattern recorded by our cores (Figure 9a ) does not match the regional records from either the northern Gulf of Mexico (Figure 9b ) or the northeastern Caribbean/Atlantic coast (Figure 9c) , exhibiting large differences in both the timing and the lengths of the various regimes. This supports the view that hurricane activity regimes are not synchronous across the North Atlantic, with different regions displaying different temporal patterns.
Conclusions
A composite sedimentary record was derived from seven cores extracted from a brackish backbarrier lake and a single core from a palmetto swamp situated ~ 4 km apart along the south central coast of Belize. Although the composition of normally deposited material varies by site, vertically clustered clastic layers occur in all cores and demonstrate close temporal correspondence despite the spatial spread and significant differences in environmental and geomorphic settings. TCs are recorded both by direct overwash (CB1, CB7) and by associated slope wash (HPN) and fluvial flooding (CB1, CB7, HPN). The flood record may well serve as a proxy for climatic conditions favoring tropical cyclones, thereby reducing the recording bias associated with the landfall of major hurricanes. This storm surge/precipitation record indicates that the coast of Belize has been dominated for the last 7000 years by alternating activity regimes, with individual regimes generally lasting from several centuries to 1200 years. Six active periods are recognized, occurring at ~200-600 BP, 1450-2600 BP, 3200-4200 BP, 4750-5450 BP, 5750-6050 BP, and 6700-6900 BP. This activity pattern is markedly different than those determined from landfall records from the northern Gulf of Mexico and the northeastern Caribbean/Atlantic coast of the USA. While more data points from Central America and the Caribbean are needed to verify the regional significance of this pattern, this record supports the view that both the climatic conditions favoring TCs and the frequency of landfall for major hurricanes have exhibited multicentennial variability over the late Holocene and that the timing of hyperactive periods varies regionally across the North Atlantic.
